Although numerous studies have demonstrated an association between surgical volume and improved outcome in cancer surgery, the specific structures and mechanisms of care that are associated with volume and lead to improved outcomes remain poorly defined. We hypothesize that there are modifiable surgeon and hospital characteristics that explain observed volume-outcome relationships.
H
OSPITAL SURGICAL VOLume is associated with clinical outcome for patients undergoing colorectal cancer resections and a variety of other cancer operations. 1, 2 Both short-term outcomes-such as operative mortality, 3 length of stay, and cost 4 -and long-term outcomes-such as survival 3, 5, 6 -are associated with hospital volume. These relationships have stimulated efforts to regionalize certain highrisk cancer operations. 7, 8 Despite these observations, we understand very little about the mechanisms by which increasing clinical volume leads to more favorable surgical outcomes.
that increases the safety of surgical care. It is possible that the favorable outcomes associated with highvolume hospitals are derived from the range of clinical services offered in these high-volume centers. Such services may include expertise in critical care medicine and sophisticated diagnostic and treatment services. Prior research has demonstrated that a higher level of hospital-based technological sophistication, including open heart surgery and organ transplantation programs, is associated with lower mortality rates. 10 This study defines the association of surgeon and hospital volume with 2 short-term adverse outcomes of colon cancer surgery: operative mortality and surgical complications that require postoperative procedures. This study aims to examine the extent to which the observed volumeoutcome associations are explained by other measurable surgeon and hospital characteristics. Ultimately, identifying processes of care that lead to success in high-volume centers will allow surgeons and hospitals, regardless of their practice volume, to implement changes that will improve outcomes throughout the health care system.
METHODS

DATA SOURCES
This study used data from the Surveillance, Epidemiology, and End Results (SEER) cancer registry program for individuals diagnosed with colorectal cancer between 1992 and 1996; data were linked to their Medicare claims for outpatient and inpatient services from 1991 to 1997. During the time of this study, the SEER registries included approximately 14% of the US population. The SEER program data include tumor location, stage of disease, and patient demographics. 11, 12 The Medicare data include all billed claims for services provided to patients enrolled in fee-for-service Medicare, including the original surgical resection and all postoperative procedural interventions (PPIs). 13 We used unique provider identification numbers from the Medicare claims data to link physicians' demographic and practice characteristics as reported in the 1993 or 1997 American Medical Association Masterfile. Unique Medicare hospital numbers linked the cancer resection hospital to facility characteristics reported to Medicare via the Medicare Healthcare Reporting and Information System and Provider of Service surveys.
STUDY POPULATION
We identified 33 555 patients aged 66 years and older diagnosed with American Joint Committee on Cancer stage I, II, or III colon cancer between 1992 and 1996. Colon cancers were identified using SEER cancer site codes 18.0, 18.2 through 18.9, and 19.9. We excluded patients who had tumor histologic findings other than adenocarcinoma (n=433) and patients with prior colorectal cancer (n = 856). We also excluded patients without complete enrollment in parts A and B, or fee-for-service Medicare in the year before diagnosis (n=7460) and the 6 months following the month of diagnosis (n = 212). These exclusions ensured complete capture of claims data for measuring comorbidity prior to cancer diagnosis, as well as our capability to track procedures after surgery. We excluded patients without a Medicare claim indicating surgical resection of their colon cancer within 6 months of diagnosis (n = 1922). The final study group included 22 672 patients. Of these patients, 22 352 had an identifiable hospital and 21 533 had an identifiable surgeon.
STUDY VARIABLES
Demographic, Clinical, and Tumor Characteristics
The SEER database provided patient date of birth, race/ ethnicity, and sex. American Joint Committee on Cancer data from the SEER program identified 3 stages of disease (I, II, and III) and 4 tumor stages (T1, T2, T3, and T4). To measure comorbidity, we adapted the Romano-Charlson index to include outpatient and inpatient diagnoses made during the 11 months prior to the month before colon cancer diagnosis. 14, 15 This index creates a weighted score using International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnosis codes for 18 conditions, such as myocardial infarction, congestive heart failure, and chronic pulmonary disease. We classified individuals into 1 of 3 categories of comorbidity: having an index score of 0, 1, or 2 and higher. To adjust for acuity of illness at the time of surgery, we identified individuals with obstructive colon cancer (ICD-9-CM diagnosis codes 560.89 and 560.9), perforated cancer (ICD-9-CM code 569.83), and those admitted under emergent conditions (a Medicare claims-based variable identifying admissions through the emergency department, or those requiring urgent or emergent treatment).
Environmental Characteristics
The SEER registry represented the region in which each patient received care. The median income of race-and agematched individuals within each patient's census tract estimated socioeconomic status. The race-specific percentage of high school graduates older than 25 years within each patient's census tract was used as a proxy for a combination of socioeconomic status, social class, and education.
Outcomes
The primary outcome measures were 30-day postoperative mortality and 30-day PPIs, such as reoperative laparotomy and other procedures to treat surgical complications (eg, percutaneous drainage of abdominal abscess). Such procedures within 30 days of the index operative procedure are most frequently associated with complications involving the wound, anastomosis, or a technical problem at the time of the primary procedure.
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Surgeon and Hospital Characteristics
Individual surgeons were identified by unique provider identification numbers from the colon cancer resection claim in the Medicare data. For patients with multiple resection claims, we employed an algorithm that prioritized more complex procedures and procedures attributed to the primary surgeon to identify the appropriate resection and the responsible surgeon. Matching a Medicare hospitalization to the date of the surgical resection identified the appropriate hospital. For cases without precisely matching dates, we also used the closest hospitalization or outpatient facility claims within 30 days of resection to identify the resection hospital.
Surgeon characteristics were derived from the American Medical Association Masterfile and included age, sex, location of practice, board certification (colorectal surgery, general surgery, other certification, or none), years in practice, and practice arrangement (solo vs group). Hospital characteristics were derived from both the Medicare Healthcare Reporting and Information System and the Provider of Service survey. These characteristics included ownership (nonprofit, for profit, and government), teaching status, eligibility for disproportionate share hospital payments, average daily census, designation as a National Cancer Institute Cancer Center or cooperative clinical trials group participant, number of intensive care unit beds, and membership in the American College of Surgeons Oncology Group. We also developed a variable that served as a marker for hospitals that offered a range of sophisticated clinical services. The hospitals described as sophisticated clinical service institutions had programs in cardiac surgery and solid organ transplantation. These data were derived from Provider of Service surveys performed in 1996 and 1998. The combination of transplantation and cardiac surgery programs was chosen because of the association of these programs with other medical services, including cardiac care, critical care, and medical subspecialties.
Procedure Volume
We defined each hospital's volume by measuring the total number of index colon cancer resections performed in that facility for patients diagnosed from 1992 through 1996. Surgeon volume was measured by the number of index colon resections the surgeon performed as the primary surgeon on the same group of study patients. While these definitions attributed volume of procedures in later years to surgeries performed in earlier years, the 5-year volume variable was highly correlated with the annual volumes measured in the earlier years and was a much more stable measure of surgical volume than annual measurement, especially for surgeons. Although this methodology does not capture non-Medicare surgical volume for surgeons or hospitals, it has been used in similar studies 3, 5, 17 and has been validated using state hospital discharge data. 18, 19 Surgeon volume (and other characteristics) could not be determined for 1139 study patients (5.0%) because we were unable to identify the unique provider identification numbers of the primary surgeon. Hospital volume could not be determined for 320 patients (1.4%) because they were missing the hospital identifier. Surgeon and hospital volume are presented as quartiles: low, medium, high, and very high. 2 Tests were used to determine the association between patient characteristics and surgical volume of their surgeon and hospital. We also used 2 tests to examine the characteristics of surgeons and hospitals at each volume stratum. We calculated the crude 30-day mortality and PPI rates for patients of surgeons and hospitals with different volume levels. For each outcome, a series of logistic regression models examined the degree to which our study variables mediated the volumeoutcome relationship for both hospitals and surgeons. In the process of logistic regression modeling, we tested all demographic, clinical, environmental, surgeon, and hospital variables. Final regression models included all of the original variables that were significant predictors of the outcome or that improved the model fit. We applied general estimating equation methods 20 to our final models to account for clustering of patients by physician and hospital. We found no meaningful differences in the confidence intervals, and we have reported findings from the original modeling. Table 1 summarizes the number of patients, hospitals, surgeons, and case volumes over the 5-year study period. In our sample, the majority of surgeons (67.1%) and hospitals (71.9%) provided surgical treatment for small numbers of colon cancer patients. A limited group of hospitals (4.7%) and surgeons (6.1%) were very highvolume providers. Table 2 presents patient characteristics across surgeon and hospital volume groups. The patients of lowvolume surgeons were the most likely of all surgeon volume groups to have had unfavorable clinical characteristics, including obstruction (20.8%), perforated cancers (3.6%), and admission with emergent status (19.5%). The most notable difference among the patients of the hospital volume groups was their socioeconomic status. Patients served by low-volume hospitals were the most likely to be from the lowest socioeconomic status group (65.0%; annual incomes Ͻ$25 000); patients treated in very high-volume hospitals had the lowest percentage (46.5%) of low-income individuals.
Statistical Analyses
RESULTS
CHARACTERISTICS OF THE STUDY GROUP
SURGEON AND HOSPITAL CHARACTERISTICS AND RELATIONSHIP TO VOLUME
Patients served by high-volume surgeons were most likely to receive surgical care from board-certified colorectal surgeons (26.6%). Patients who received care from low-volume surgeons had the highest rate of receipt of surgical care from non-board certified sur- geons (16%). Patients treated in very high-volume hospitals were the most likely to receive care in not-for-profit hospitals, teaching hospitals, and hospitals with a clinical cancer program ( Table 3 and Table 4 ). Patients treated in very high-volume hospitals also tended to receive care in facilities that offered sophisticated clinical services (83.4%).
RELATIONSHIP BETWEEN VOLUME AND POSTOPERATIVE PROCEDURAL INTERVENTION
Surgeon volume was significantly associated with PPI ( explained a part of the association between surgeon volume and PPI, very high-volume surgeons maintained their association with decreased PPI in the fully adjusted regression model. We found no significant association between hospital volume and PPI.
RELATIONSHIP BETWEEN VOLUME AND POSTOPERATIVE MORTALITY
Both surgeon and hospital volume were associated with postoperative mortality in the unadjusted analysis. Patients of high-and very high-volume surgeons and hospitals had significantly lower postoperative mortality than the patients of their low-volume counterparts (Table 6 ) (complete model available in eTable 2 at http://www.archsurg.com). In the surgeon volume analysis, the addition of patient demographics, clinical characteristics, clinical acuity, and environmental characteristics explained a substantial portion of the volume-mortality association. The addition of these variables to the model increased the odds ratio (OR) for the very high-volume surgeons from 0.70 to 0.88. While PPI was a significant independent predictor of mortality (OR, 2.48; 95% confidence interval [CI], 2.01-3.07), the addition of PPI to the regression model did not explain the relationship between surgeon volume and postoperative mortality. Colorectal surgery board certification was associated with decreased mortality (OR, 0.69; 95% CI, 0.51-0.94). This certification explained only a small portion of the association between mortality and volume for high-volume surgeons, but it accounted for a significant portion of the association for very high-volume surgeons. Even after adjustment for patient-level variables, surgeon characteristics, and hospital characteristics, highvolume (but not very high-volume) surgical practice remained significantly associated with decreased postoperative mortality.
In the hospital volume analysis, environmental factors, more than clinical or demographic characteristics, accounted for the association between hospital volume and postoperative mortality (Table 6 ). Clinical characteristics, including perforation (OR, 3.39; 95% CI, 2.65-4.36) and obstruction (OR, 1.92; 95% CI, 1.64-2.25), were independently and significantly associated with 30-day mortality. However, PPI did not explain the hospital volumemortality relationship, and the addition of surgeon vol- ume and board certification explained this relationship only minimally. Of greatest importance was the availability of sophisticated clinical services, which explained all of the remaining volume-mortality relationship and replaced hospital volume as the most highly significant predictor of postoperative mortality (OR, 0.75; 95% CI, 0.62-0.89). We performed several additional analyses examining interactions between sophisticated services and other variables. First, Abbreviations: CI, confidence interval; OR, odds ratio. *Because our outcome, postoperative procedural intervention, is uncommon in the study population, the adjusted OR derived from the logistic regression approximates the risk ratio.
†Adjusted for age, sex, marital status, race/ethnicity, cancer stage, tumor stage, comorbidity, tumor obstruction, tumor perforation, and emergent admission. ‡Adjusted for census tract-based race-age specific median income; census tract-based race-specific percentage with high school education; year of diagnosis; and Surveillance, Epidemiology, and End Results registry.
§Sophisticated clinical services variable (hospitals with solid organ transplantation and cardiac surgery programs). we examined the interaction between comorbidity and sophisticated services to determine whether the impact of sophisticated services on mortality varied depending on the case severity of the patient. We found that the presence of sophisticated clinical services consistently improved mortality rates across all levels of patient comorbidity. We also examined whether there was an interaction between hospital volume and sophisticated hospital services and found that the relationship between sophisticated hospital services and mortality was consistent across all levels of hospital volume. For low-volume hospitals the mortality rates were 5% and 6% in hospitals with and without sophisticated services, respectively. In very high-volume hospitals the mortality rates were 3.7% and 4.7% for hospitals with and without these services, respectively.
COMMENT
There has been relatively little examination of the structures and processes of care responsible for the observed volume-outcome relationship in cancer surgery. A persistent question remains: does increasing surgical volume enable surgeons to reduce technical errors and their attendant complications, or does practice volume lead to improvements in the processes of perioperative care? This study examines the relationship between surgeon and hospital volume and mortality as well as the relationship between volume and an intermediate surgical outcome: complications, as defined by events requiring a procedural intervention. This study ultimately aims to identify modifiable surgical training or hospital organizational factors that explain the demonstrated volume-outcome relationships.
Our results suggest that while colon cancer surgery is performed with a high degree of safety within the health care system, there are surgeon and hospital factors, including volume, that are associated with adverse outcomes, such as the need for postsurgical procedures and postoperative mortality. This study serves as a reminder that surgeon volume is a very important predictor of surgery complications, even in a technically straightforward procedure, such as colectomy. Logistic regression modeling found no other factors (ie, patient, environmental, other physician, or hospital) to account for the association between surgeon volume and complications. It is not clear whether surgeon or practice volume leads to a reduction in technical errors, improved clinical judgment, or better patient selection. Regardless, it is clear that as surgeons perform colon cancer operations with greater frequency, they can reduce their complication rates, as measured by PPI. However, when mortality is modeled as an outcome, PPI explains little of the relationship between hospital and surgeon volume, and postoperative mortality. These findings lead us to conclude that although increasing surgeon volume may decrease complications, decreasing complications is not the major mechanism by which practice volume decreases postoperative mortality. Our results suggest that minimizing postoperative mortality is associated primarily with systems of care that provide increased safety in the postoperative period.
One of the most striking findings of this study is that a single variable-the presence of sophisticated clinical services, defined by the presence of a cardiac surgery program and a solid organ transplantation program-was the most important explanatory variable underlying the relationship between hospital volume and mortality. These programs were chosen as markers of sophisticated clinical services because cardiac surgery programs require the availability of urgent cardiac catheterization, cardiac care units, and around-the-clock availability of intensive care unit specialists. 21 Similarly, hospitals with solid organ transplantation programs have a depth of expertise in multiple medical specialties, as well as interventional radiology. In short, the presence of these programs suggests that a hospital has an array of clinical services that will facilitate the timely management of virtually any medical or surgical complication. While hospital volume was Abbreviations: CI, confidence interval; OR, odds ratio. *Because our outcome, mortality, is uncommon in the study population, the adjusted odds ratio derived from the logistic regression approximates the risk ratio. †Adjusted for age, sex, marital status, race/ethnicity, cancer stage, tumor stage, comorbidity, tumor obstruction, tumor perforation, and emergent admission. ‡Adjusted for census tract-based race-age specific median income; census tract-based race-specific percentage with high school education; year of diagnosis; and Surveillance, Epidemiology, and End Results registry.
§Sophisticated clinical services variable (hospitals with solid organ transplantation and cardiac surgery programs).
(REPRINTED) ARCH SURG/ VOL 142, JAN 2007 WWW.ARCHSURG.COM 29 associated with postoperative mortality in the unadjusted analysis, the level of sophisticated clinical services dwarfed volume as a predictor of mortality in our adjusted analysis. Patient characteristics (eg, age, obstruction, perforation, and comorbidity), surgeon characteristics (board certification), and having a PPI were all associated with postoperative mortality, but none of these explained the significant relationship between sophisticated clinical services and mortality.
In our analysis of the association between surgeon and hospital volume and mortality, we find that after adjustment for patient, surgeon, and hospital factors, highvolume surgeons, but not very high-volume surgeons, have lower mortality rates than low-volume surgeons. This finding suggests a surgeon volume-mortality relationship in colon cancer, but only at a certain volume level, beyond which additional practice volume may not further improve outcomes. The reasons for this are unclear, and this finding requires further exploration and confirmation in other studies.
Colorectal surgical board certification explains a portion of the volume-mortality link. We find no evidence that board-certified colorectal surgeons operated with fewer complications than general surgeons. We believe that such specialty surgeons may be more effective at implementing protocols and clinical pathways that increase the safety of colon cancer surgery. It is also possible that these improvements in care may relate to the teams of health care providers, including nursing staff that are brought together by specialty-trained surgeons. These results must be interpreted with caution, however, as general surgeons who are not board certified in colorectal surgery perform the majority of colorectal cancer surgery in the United States. The overall low mortality from these procedures demonstrated by this report should serve to reassure the public that colorectal board certification is not requisite for excellent surgical outcomes in colon cancer.
This study has several important limitations. Like all studies using administrative data, the clinical data in this study are imperfect for many detailed analyses. One of the challenges of administrative data is defining optimal case-mix measures. To adjust for case mix, we have used the Romano-Charlson index, which has been widely used and validated for outcomes research using administrative data. We have also adjusted as completely as possible for other clinical variables, including age, stage of disease, acuity of presentation, and presence of bowel perforation and obstruction. To capture differences in health status commonly associated with economic status and class, we also adjusted for race/ethnicity and ZIP codebased educational level and median household income. Despite this extensive array of variables, it is possible that there were unmeasured confounders that contributed to differences in outcome between high-volume and lowvolume hospitals and surgeons.
Another limitation is the inability to capture the full spectrum of surgical complications. Previously, the identification of surgical complications using administrative data has been limited by variability and lack of specificity in coding practices. 22, 23 For this study, we have chosen to focus on a subset of severe complications that are treated with procedural interventions, including reoperation. These procedures are reliably captured in claims data and are closely associated with significant complications. 24 We have demonstrated that these complications are associated with increased mortality and prolonged hospital stay. 25 This approach, however, misses many less severe complications that may be very important for patients' quality of life and outcomes of cancer treatment.
Because the study sample was defined by patients diagnosed and living in SEER areas rather than by surgeon and hospital location, the study included a small number of hospitals and surgeons outside of the SEER area registries. We repeated all analyses excluding these surgeons and hospitals and found no meaningful change in our results.
In recent years, volume has been used increasingly as a proxy for quality of care, particularly in technically complex cancer operations. This study focused on a less challenging cancer operation, colectomy. It confirms that for surgeons and the complications of surgery, there is little reason to doubt the aphorism, "Practice makes perfect." However, complications do not appear to be the major mediator of the relationship between volume and postoperative mortality in colon cancer surgery. This study suggests that in the demonstrated relationship between higher hospital volume and lower mortality, hospital volume may represent a marker for the presence of services that facilitate prompt recognition and effective treatment of complications. As such, it may be possible for medium-volume centers, and potentially low-volume centers, to increase the range of these services to optimize their surgical results. Rather than regionalizing care for all patients with colon cancer, an approach that would be costly as well as undesirable for many patients, the findings of our report suggest that efforts should be made to identify the key processes of care that are in place in hospitals with sophisticated services and implement these at all hospitals performing colorectal cancer surgery.
Overall, our finding that colon cancer surgery is performed relatively safely throughout the health care system is reassuring. Volume will remain an important element in the provision of quality surgical care; however, care must be taken in formulating major health care payment and allocation policies on volume criteria alone. 
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